ABSTRACT The in-service loading condition of many engineering structures is generally composed of a stationary random loading caused by the mechanical vibration, and the spike loads due to occasional events, such as the sudden shock and accidental turbulence. In this paper, a physical-based method is proposed to evaluate the reliability of structure subjected to the stationary random fatigue loading superimposed by occasional spike loads. First, since the interaction effects of stationary random loading are approximately stable, the realistic random loading can be transferred to an equivalent constant amplitude loading. This equivalent transformation method can avoid the complicated cycle-by-cycle calculation. This approach is derived from the two-parameter fatigue crack growth model, in which the driving parameters of the fatigue crack growth are the stress intensity factor of peak load and the stress intensity factor range. Second, the spike loads lead to the high nonlinearity of interaction effect, which can be accounted for by the plasticity. Therefore, the generalized Willenborg model is employed to calculate the fatigue crack propagation under the spike loading effects. Then, the extensive experimental data of aluminum alloys are used to validate the proposed method, in which the indeterminacies of material parameter and spike loads are considered. It is observed that all the testing data are contained within the prediction 90% confidence interval bounds. In addition, a Monte Carlo simulation example of fatigue life reliability assessment under stationary random loading with spike loads is performed. Two scenarios of different spike load distributions are discussed. In the first scenario, the spike loads are applied at a fixed time interval, while in the other scenario, the spike loads occur with varying time period. The results indicate that the proposed approach can appropriately evaluate the fatigue reliability of the structure under stationary random loading with spike loads.
I. INTRODUCTION
Fatigue crack growth is a complex problem in many structural components which are usually subjected to the random loading with spike loads during their service lives. The fatigue reliability evaluation of the structural components inevitably requires the probabilistic analysis of the indeterminacy factors, such as the material properties, the realistic working loading environment, the spike loads condition.
Various methods have been proposed to evaluate the structure reliability by the probability analysis of the fatigue crack growth process under random loading conditions [1] - [3] . Arone [4] proposed a stochastic model to describe the fatigue crack growth behavior under random loading.
Zou [5] also derived a mathematical model based on the fracture mechanics and the random process theory. However, these formulations are empirical approach and incorporate several parameters have no physical meaning. This investigation focuses on the stationary random sequence condition, in which the statistical properties of the stress range and stress ratio will not vary with the time. It is recognized that the interaction effects which is considered to be controlled by the crack closure level remain stable and constant [6] . Therefore, the realistic random loading can be equivalent to a constant amplitude (CA) loading. Kwon and Frangopol [7] presented an equivalent stress algorithm and further estimated the reliability by using the probability density function (PDF) of equivalent stress range. Xiang and Liu [8] introduced an equivalent stress level concept and developed an efficient probabilistic method to evaluate the fatigue life reliability under random loading. In most of the existing probabilistic analysis approaches, the mathematical fitting methods are developed to account for the partial unstable interaction effects due to the spike loads, instead of a physical mechanism model. For the different loading conditions, the involved fitting parameters are different and require the renewal. In this paper, an equivalent stress transformation approach is derived from the two-parameter fatigue crack growth model. Sadananda and Vasudevan [9] suggested that the driving parameters of fatigue crack growth behavior are the maximum stress intensity factor, K max , and the stress intensity factor range, K. The relationship between the fatigue crack growth rate and the loading characteristics (stress range and stress ratio) is quantified based on this two-parameter formulation. Furthermore, a great deal of research shows that the plastic deformation has a significant effect on retardation phenomenon due to spike loads [10] . Willenborg et al. [11] developed a physical-based relationship between the effective stress intensity factor range, K eff , and plastic zone size. Nevertheless, the problem of the original Willenborg model is that the K eff becomes zero immediately after spike loads with magnitude overload ratio R OL ≥ 2 [12] . Thus, Meggiolaro and Castro [13] and Gallagher [14] generalized Willenborg's formulation by introducing an empirical constant, which is employed in this paper. Overall, combining the equivalent stress transformation model the generalized Willenborg method, the fatigue crack growth under random loading superimposed by spike loads can be predicted. The fatigue life is defined as the number of cycles required to reach the critical crack length. Considering the stochastic nature of the material parameters and spike load condition, the empirical distribution of the fatigue life could be obtained. And then the reliability can be evaluated by the PDF of fatigue life. The two spike loads distribution scenarios are discussed. In the first scenario, the spike loads occur at a fixed time interval; while in the second scenario, the spike loads occur with a varying time period, which is modeled by a Homogeneous Poisson Process (HPP).
The paper is organized as follows. Firstly, the equivalent stress transformation model is derived based on the two-parameter model. And then, the generalized Willenborg model is employed. Based on these two algorithms, the fatigue life reliability is evaluated. Next, the proposed model is validated by using the experimental data of aluminum alloys. Additionally, the simulation examples are given. Finally, some conclusions are drawn based on the current investigation.
II. METHODOLOGY A. EQUIVALENT STRESS TRANSFORMATION
For the stationary random loading condition, both of the stress range and stress ratio in the loading process are random variables and the statistical properties are invariant. Reference [8] proposed a method to find an equivalent crack growth process under CA loading, which products a similar crack kinetics with that of the true random loading case. This model is modified in this section. As shown in Fig. 1 , the solid line represents a true random loading history and the dashed line represents the equivalent loading. The fatigue crack growth under these two loading conditions is the same.
The two-parameter model is employed to describe the fatigue crack growth behavior. In this method, the crack growth rate is determined by the stress intensity factor of peak load, K max , and the stress intensity factor range, K. The function of crack growth rate curve can be written as:
where C, α, β are the calibration parameters which are only related to the material; da/dN is the crack growth rate. This formulation can be rewritten as:
where A is a constant depends on material only; R is the stress ratio. For arbitrary fatigue loading process i, the crack increment can be obtained by integrating both sides of Eq. (2) .
where a i−1 and a i are the crack sizes at the beginning and end of cycle i, respectively. The total fatigue life under true random loading history is equal to the sum of N i , which can be expressed as:
where N total is the total fatigue life. Since the equivalent stress range is constant in the hypothetical crack growth process, N total can be also calculated by:
where a 0 is the initial crack length; K eq is the stress intensity factor of the equivalent stress level; R eq is the equivalent stress ratio. And then combining the Equations (4) and (5), the following relationship can be obtained:
Since the stress intensity factor is a function of stress level and crack length, the fatigue life N i (Eq.(4)) can be rewritten as:
where σ i is the stress level in the i th cycle. According to Equations (6) and (7), a relationship between the equivalent stress level and the true random loading can be acquired as:
Solving the Eq. (8), the equivalent stress level can be expressed as:
where σ eq is the equivalent stress level. Without loss of generality, it is assumed that R eq equal to 0. In addition, many researches show that β = 2 is a reasonable fitting result for aluminum alloy [15] , [16] . Thus, the equivalent stress can be rewritten as:
B. NONLINEAR EFFECTS CAUSE BY SPIKE LOADS
The spike loads lead to the fatigue crack growth retardation, which is typical partial unstable interaction effect [17] . The plasticity is a crucial physical mechanism of the fatigue crack growth behavior, which is widely used to account for this retardation phenomenon [18] . The generalized Willenborg model is a popular and effective physical-based approach to quantify the nonlinear interaction effects, which is employed in this paper [14] . The plastic zone size caused by the spike loads is greater than that induced by the subsequent load cycles. Hence, a compressive stress state will appear and increase in that region, which is the main retardation mechanism. The effective stress intensity factor is defined as: 
where is a correction factor, (K max ) OL is the stress intensity factor of the spike cycle, a is the amount crack growth length since the overload cycle, Z OL is the plastic zone size created by overload and K max is the maximum stress intensity factor in cycle i. R so is a constant defined as the spike load ratio required to cause crack arrest, which is 2.3 for aluminum alloys [13] . K th is the threshold stress intensity factor range, which is usually defined as the stress intensity factor range at which the crack growth rate is less than 10 −10 m/cycle [19] , [20] . K th can be obtained from constant amplitude testing data, which can be written as:
where R is the stress ratio. In addition, Johnson proposed the plastic zone size due to spike loads, which can be expressed as [21] :
where σ y is the tensile yield strength, η is the plastic zone size factor. A function for η is presented by Voorwald et al., which is given by the following equation [22] :
where t is the specimen thickness. Huang et al. [23] conducted an elastic plastic analysis to validate this formulation.
The two-parameter model in conjunction with the Willenborg model can be expressed as: (16) where R is the stress ratio of the constant loading. Similarly, for aluminum alloy, β = 2 is an appropriate valuation. 
C. RELIABILITY ANALYSIS
As it is shown in Fig. 2 , keeping the size and location of spike loads the same, the stationary random loading sequence is equivalent to the constant loading process. Assuming the material parameter A in Eq.(2) and the spike loads are stochastic variables, the massive calculation is performed by the Monte Carlo method. The fatigue life is defined as the time of reaching the critical crack length. And then, the empirical distribution of fatigue life can be obtained. The structural reliability can be evaluated by the PDF of the fatigue life.
The two spike loading scenarios are considered. In the first scenario, the spike loads are applied in a fixed time period. For this case, the reliability at time t can be expressed by
where p is the occurrence probability of the spike loads, j is the number of spike loads. In the second scenario, the spike loads are modeled by a HPP with rate λ, the reliability at time t can be expressed by
Overall, the structural reliability can be rewritten as: 
III. MODEL VALIDATION A. EQUIVALENT STRESS TRANSFORMATION METHOD VALIDATION UNDER BLOCK LOADING
The block loading is a kind of simplified and typical random sequence condition. The experimental data of Al 2024-T3 specimen with center through crack are employed [24] . These specimens are made of 229 mm wide, 610 mm long and 4.1 mm thick panels. Two load spectra are discussed, and the compositions of the 2024-T3 used for these two spectra are slightly different. The materials mechanism properties are listed in Table 1 . The initial crack size (2a) is 12.7 mm. Since there are two unknown parameters in Eq.(16), one set of da/dN-K testing data under CA loading (R = 0.4) are employed to calibrate these fitting parameters, as shown in Fig. 3 [25] . The calibration results are: A = 4.5167e − 12, α = 1.783.
The one block of the spectrum program 1 is equivalent to a CA loading, as shown in Fig. 4 . The equivalent stress level is 71.86 MPa.
The fatigue life under the CA loading with σ max = 71.86 MPa, R = 0 is calculated, and the comparison between VOLUME 6, 2018 the prediction results and the testing data is shown in Fig. 5 . It is indicated that the proposed model predictions can match the testing data.
Another spectrum is also used to further validate aforementioned method. Following the same procedure, the equivalent stress level is 67.12 MPa, as shown in Fig. 6 .
The predicted a-N curve and the experimental data are shown in Fig. 7 . Good agreements can be observed. The difference between the prediction and the testing data becomes relatively larger around after 80000 cycles, probably due to the fast crack growth rate and the accumulated errors. It manifests that the equivalent stress level model is effective to transform the variable amplitude loading to constant loading process.
B. THE GENERALIZED WILLENBORG MODEL VALIDATION UNDER CA LOADING WITH SPIKE LOADS
Lu Z collected the fatigue testing data of aluminum alloy 7075-T6 under CA loading with random spike loads, which is used to further verify the proposed model [26] . The yield strength of operational Al 7075-T6 is: σ y = 520 MPa. The initial crack length is 11mm. The geometry parameters of the CT specimen used in this experiment are as follows: width = 40 mm, thickness = 5 mm. Lu provides the algorithm of stress intensity factor range [26] : where P is the tensile force range, B is the thickness of specimen, f(a/W) is the geometrical correction functions, which can be expressed as:
where W is the width of specimen, a is the crack length. The validity range of this formulation is a/W ≥ 0.2. Similarly, the da/dN-K testing data under CA loading (R = 0.5) are used to identify these calibration parameters, as shown in Fig. 8 [25] . The result is A = 5.425e − 12, α = 1.8823.
The stochastic nature of fatigue damage is taken into account in this section. The material parameter (A in Eq. (16)) is assumed to be random variable following the logarithmic normal distribution. Several sets of fatigue testing data under CA loading with P max = 2000 N and R = 0.1 are used to determine the statistical characteristics of material parameter, as shown in Fig. 9 . The mean value of parameter A is 5.425e − 12, the same as the aforementioned calibration, and the 90% confidence interval is [3.987e − 11 7.6222e − 11]. Four cases are discussed below, in which the spike load level is P spike = 3000 N.
In the first case, the spike load cycle percentage is 0.15%. The schematic illustration of the repeated spike loading spectrum is shown in Fig. 10 . The spacings between the spike are determined: n 1 = 100 cycles, n 2 = 47 cycles, n 3 = 1850 cycles.
As shown in Fig. 11 , the solid line represents the average tendency prediction of fatigue life, while the dashed lines represent the 90% confidence bounds. Several sets of testing data are all within the scope of the prediction.
In addition, the testing data under the CA loading with 0.15% spike loads are also employed. The spacing between the spike loads is determined: n 1 = 23cycles, n 2 = 10 cycles, n 3 = 14 cycles. The results of the median and the 90% confidence bounds are shown in Fig. 12 . It is indicated that this method can give reasonable predictions.
Furthermore, the random spacing cases are also discussed. The loading cycle numbers n 1 , n 2 , n 3 between each spike load are variables. When the spike loads percentage is 0.15%, the number of cycles in one block is 2000. In this case, the total number of spike loads is 3, while the number of regular loading cycles is 1997. The calculation results and the testing data are shown in Fig. 13 . Good agreements can be observed. When the spike loads percentage is 6%, the number of cycles in one block is 50 and the number of spike loads is 3. The testing data and predictions under this condition VOLUME 6, 2018 FIGURE 14. a-N curves under 6% spike loads with random spacing.
TABLE 2.
The stochastic coefficients of the stress range and stress ratio. are shown in Fig. 14 . The calculations are performed corresponding to the experimental data. Overall, the proposed approach can capture the major trends of fatigue life curves and scatters.
IV. SIMULATION FOR RELIABILITY EVALUATION
In this section, the simulation of random loading spectrum with spike loads is performed. The material parameters and the specimen geometry are the same as the aforementioned condition of Al 7075-T6 in section 3.2. The loading frequency is 2 Hz. Both of the stress range and the stress ratio follow the normal distribution. The stochastic coefficients are listed in Table 2 . The random loading which lasts for 14 hours (100800 cycles) is used in this simulation, which is shown in Fig. 15 . More detailed information can be obtained in higher revolution, which is shown in Fig. 16 .
Two scenarios of different spike load distributions are discussed. In the first scenario, the spike loads are applied at the fixed time interval, while the spike loads occur with varying time period in the second scenario. The spike load level is assumed to follow a uniform distribution U(20, 25). Taking the simulated random loading from 5.5 h to 9.5 h as an example, the schematic of the random loading with spike loads is shown in Fig. 17 .
Similarly, more detailed information can be obtained in higher revolution, which is shown in Fig. 18 . Fig. 18 displays the several loading cycles around the applied spike loads. In the first case, the spike loads are applied at the fixed time interval, 1.5 hours (10800 cycles). In the second case, the spacing of spike loads are variable.
By using the proposed equivalent transformation approach, the random loading is equivalent to a CA loading process with σ max = 10.69 MPa, R = 0. Firstly, the spike loads occur at a fixed time interval, 1.5 h (10800 cycles). The occurrence probability of the spike loads is 0.9. The fatigue lives under the random loading with/without spike loads are predicted. The number of simulation calculation is 1,000 for each case. When 0 ≤ t < T, reliability can be estimated as:
When iT ≤ t < (i ± 1)T (1 ≤ i < ∞), reliability is computed by:
The reliability curve under the random loading with/without spike loads are shown in Fig. 19 . Initially, these two curves coincide with each other. The first spike load instantaneously accelerates the reliability curve decline. After that, the applied spike loads will lead to an evident extension tendency of the fatigue life.
In the second scenario, the spike loads are applied with varying time periods. A HPP with λ = 0.5 is used to model this condition. The structural reliability is the sum of the survival probability in which the number of spike load is from 0 to the infinite, which can be expressed as:
The comparison of reliability level between with and without spike loads is conducted (Fig. 20) , which reveals that the spike loads give rise to a noticeable retardation of fatigue crack growth.
V. CONCLUSION
This paper analyzed the probabilistic characteristic of fatigue crack growth and proposed a physical-based approach to evaluate the structural reliability under stationary random loading with spike loads. The proposed method is validated by the extensive experimental data of aluminum alloys and Monte-Carlo simulation. The following conclusions can be drawn:
Firstly, the stress equivalent transformation approach can avoid the complicated cycle-by-cycle calculation and reduce the computational cost. Moreover, this model is derived from the two-parameter fatigue crack growth formulation, which can quantitate the functional effects of stress ratio. Second, the generalized Willenborg model is able to account for the partial nonlinear interaction effects due to spike loads well. Combining these two formulations, the physical-based reliability evaluation method is presented, which is essentially distinct from the empirical algorithm. This approach is applicative for arbitrary stationary random loading superimposed by spike loads without any repetitive fitting. Additionally, the indeterminate natures of material parameters and spike loading conditions are taken into account. The reliability curves under the random loading with and without the spike loads are estimated. The comparison between these two calculation results reveals that the retardation phenomenon caused by the spike loads can be reflected in the relieved trend of the reliability decline. 
